1. Introduction {#sec1}
===============

In the last few decades, advances made in economic and technological developments have increased the demand for energy consumption, leading to blind utilization of fossil fuels, which has harmed the environment.^[@ref1]^ It is very complicated for mankind in the near future to postpone the worsening of the future generation at any cost.^[@ref2]^ Fossil fuels such as coal, petroleum, and natural gas are being consumed by mankind every day, and their demand has been increasing as well with time. Constant utilization of fossil fuels is leading to environmental pollution, causing global warming and changes in climatic conditions.^[@ref3]^ This is a serious issue, which has inspired researchers to seek for alternate energy sources using renewable energy sources as an efficient alternative to fossil fuels.^[@ref4]^ Renewable energy resources are green and efficient sources of energy that have an important role to play in both current and future human lives without harming the environment.^[@ref5],[@ref6]^ Clean energy hydrogen and oxygen can be efficiently produced using the water-splitting approach, especially the electrochemical water oxidation process for sustainable energy.^[@ref7],[@ref8]^ Electrochemical water splitting is a promising approach to split water with zero percent carbon emission, and this approach has been successfully meeting approximately 4% of the world's hydrogen demand.^[@ref9]−[@ref11]^ It is a highly safe, environmentally friendly, and user-friendly approach to produce clean energy.^[@ref12],[@ref13]^ The major difficulty associated with water splitting is that an external energy (237 kJ/mol) needs to be supplied to drive the process due to its uphill reaction kinetics.^[@ref14]^

Water splitting generally comprises the oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER). These two half-reactions can be expressed as follows: HER: 2H^+^ + 2e^--^ → H~2~; and OER: 2H~2~O → O~2~ + 4H^+^ + 4e^--^.^[@ref15]^ The overall efficiency of water splitting depends on the electrocatalyst, which progressively leads the entire reaction to produce O~2~ and H~2~. Although the reactions seem quite simple, their actual kinetics are quite sluggish and thermodynamically unfavorable.^[@ref16],[@ref17]^ Generally, HER is a two-step electron process and OER is a four-step electron process. Hence, initiating a reaction with OER is a very slow and complicated process. Thus, electrocatalysts, which are important to produce O~2~ through OER kinetics with a low overpotential, low cost, and high stability, are still of utmost importance to researchers.^[@ref18]−[@ref20]^ Traditionally, Ru and Ir oxides have been reported as effective OER catalysts and Pt-based materials have been reported as effective HER catalysts.^[@ref21],[@ref22]^ Moreover, the less abundance and high cost of such catalysts are unfavorable for large-scale applications.^[@ref23]^ Hence, the focus of researchers has been on earth-abundant and low-cost electrocatalysts with high efficiency, and thus transition-metal-based oxides and other derivatives have been studied and reported by many research groups.^[@ref24]−[@ref26]^

Among other derivatives of transition metals, selenide derivatives of Ni and Co have been found to possesses unique electrochemical catalytic activity and their material properties could be tuned by appropriately tuning their parameters and strategies.^[@ref27],[@ref28]^ They specifically have high stability, corrosion-resistance ability, a suitable electronic band structure and alignment, and apt valence edges for electrolyzing water.^[@ref29]−[@ref33]^ A number of studies have investigated the catalyzing abilities of Ni and Co selenides.^[@ref34]−[@ref37]^ Still, a full-fledged exploration of such nanostructured catalysts is not yet available. Generally, material morphology and size matter a lot in electrochemical reactions. One of the best ways to manipulate such characteristics of nanostructured selenides is the synthesis method. Many synthesis routes are being used, and among them, the hydrothermal method is the most convenient and desired one to yield products using nanostructured material processing.^[@ref38]−[@ref42]^

In this study, a comparative analysis of unary NiSe~2~ and CoSe~2~ and binary CoNiSe~2~ nanostructures has been made and the mentioned nanostructures were optimally synthesized by employing a controlled hydrothermal route. Preliminary confirmation of the metal selenides was done by X-ray diffraction (XRD), Raman, photoluminescence (PL), and Fourier transform infrared (FTIR) studies. The nanospherical morphology of the synthesized products was confirmed by field emission scanning electron microscopy (FESEM) analysis. The comparative electrochemical OER activities of the unary NiSe~2~ and CoSe~2~ and the binary CoNiSe~2~ nanostructures were extensively discussed with respect to the electrochemical mechanism with the help of cyclic voltammetry (CV), linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS), Tafel slope, and CA studies.

2. Results and Discussion {#sec2}
=========================

Transition-metal selenides such as NiSe~2~, CoSe~2~, and CoNiSe~2~ nanostructures were synthesized by employing the hydrothermal route. The phase and structural confirmation was made by an XRD study as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c. Sharp, highly resolved peaks were obtained for all of the three samples, which show the formation of good crystalline nanostructures. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a exemplifies the XRD spectra of cubic NiSe~2~ as given in JCPDS card number \#89-7161. It also replicates the highly crystalline nature of the sample by the peaks corresponding to the plane values such as (200), (210), (211), (220), (311), (222), (023), (321), (400), (421), and (332) centered at 2θ values of 29.8, 33.6, 36.9, 42.7, 50.5, 53.2, 55.3, 57.9, 62.4, 72.7, and 74.6°, respectively. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b represents the XRD pattern of orthorhombic CoSe~2~ of JCPDS card number \#53-0449, whose corresponding peaks match the crystallographic planes (101), (111), (120), and (211) centered at 2θ values of 30.7, 34.6, 35.7, and 47.9°, respectively. The diffraction peaks demonstrated for CoSe~2~ are slightly amorphous in nature, which will promote the electrochemical reaction during water oxidation. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c represents the XRD pattern of the hexagonal CoNiSe~2~ nanostructure of JCPDS card number \#65-7038 whose diffraction peaks correspond to the crystal planes (100), (101), (102), (110), and (202) centered at 2θ values of 28.4, 32.8, 44.5, 49.8, and 69.1°, respectively. All of the three samples perfectly matched with their standard ones. The crystallite sizes were calculated from the Debye--Scherer formula, which has been reported in our previous study.^[@ref45]^ As per the data, the calculated average crystallite sizes are 34, 29, and 32 nm, respectively. None of the impurity peaks was observed along with the characteristic diffraction peaks of NiSe~2~, CoSe~2~, and CoNiSe~2~ nanostructures. Hence, the prepared unary and binary selenides were explicitly confirmed by XRD spectra.

![XRD spectra of (a) NiSe~2~, (b) CoSe~2~, and (c) CoNiSe~2~ nanostructures.](ao0c01476_0001){#fig1}

Raman spectra of the synthesized unary and binary selenides are illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c, which represent the characteristic phonon vibration modes of the prepared nanostructures. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b represents the two slight humplike peaks of NiSe~2~ and CoSe~2~ nanostructures around 210--220 and 345--355 cm^--1^. These are the characteristic vibration modes of each unary selenide such as NiSe~2~ and CoSe~2~ nanostructures.^[@ref46],[@ref47]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c represents A~g~ and T~g~ phonon vibration modes of the binary CoNiSe~2~ nanostructures at the wavenumbers 208 and 378 cm^--1^, respectively.^[@ref48]^ The humplike peaks of all of the three samples represent their moderate amorphous nature, as already evidenced from XRD spectra, and also such a kind of amorphous nature will support the sustainable electrochemical reaction.

![Raman spectra of (a) NiSe~2~, (b) CoSe~2~, and (c) CoNiSe~2~ nanostructures.](ao0c01476_0002){#fig2}

The emission nature, the presence of interstitial and oxygen vacancies present in the samples, was explicitly demonstrated by PL spectra as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--c. The samples were excited at 330 nm excitation wavelength. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b demonstrates the slight humplike peaks around 360 nm, which are raised due to the recombination of photogenerated electrons and holes at a lower conductance band and an upper valence band of the samples. This is called near band edge emission (NBE) of the semiconductor derivatives. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c represents the five appreciable emission peaks at 362, 375, 411, 438, and 490 nm. The peaks at 362, 375, and 411 represent the NBE emission of photogenerated charge carriers of different energy bands. The peak at 438 nm represents the characteristic d--d transition of Ni- and Co-based derivatives.^[@ref44]^ The peak at 490 nm represents the oxygen vacancies present in the binary CoNiSe~2~ nanostructure, whereas the absence of an oxygen vacancy peak is observed in the unary selenides. It evidently confirms that the prepared binary nanostructure governed by oxygen vacancies undoubtedly improves the diffusion of the active material at the electrode surface during inter- and deintercalation of electrode--electrolyte ions.^[@ref49]^ Hence, the entire details about the emissive nature and vacancies present in the samples were extensively studied from PL spectra.

![PL spectra of (a) NiSe~2~, (b) CoSe~2~, and (c) CoNiSe~2~ nanostructures.](ao0c01476_0003){#fig3}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--c demonstrates the FTIR spectra of the prepared unary and binary metal selenides in the range 500--4000 cm^--1^, which confirms the characteristic vibrations and functional groups present in the samples. The deep absorption band observed around 3300--3400 and 1500--1600 cm^--1^ could be attributed to the OH stretching and bending vibrations of water molecules adsorbed at the surface of the samples from atmospheric moisture.^[@ref6]^ The bands observed from 2200 to 2400 cm^--1^ could be attributed to the CO~2~ vibration of the samples. The band at 1100--1200 cm^--1^ could be attributed to CO stretching vibration.^[@ref6]^ The bands observed from 500 to 900 cm^--1^ could be attributed to the mere characteristic vibration modes of the prepared samples. These bands confirm the Ni and Co complex bonding with Se at the same time as already reported in the literature.^[@ref50],[@ref51]^ The suppression in band intensity observed for the binary CoNiSe~2~ nanostructures might be due to the multiple vibration modes of Ni and Co with Se in diverse frequencies. Hence, FTIR confirmed the formation of unary NiSe~2~ and CoSe~2~ and binary CoNiSe~2~ nanostructures.

![FTIR spectra of (a) NiSe~2~, (b) CoSe~2~, and (c) CoNiSe~2~ nanostructures.](ao0c01476_0004){#fig4}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--f shows the surface morphologies of the prepared nanostructures at two different scale ranges of 2 μm and 500 nm. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,d shows the typical nanospherical morphologies of the prepared unary NiSe~2~ nanostructures with uniform shapes and sizes. Generally, low agglomeration associated with the nanostructures strongly evidences the optimum control of growth parameters during synthesis. Low agglomeration usually increases the possibility of obtaining active sites at the surface during the electrochemical reaction.^[@ref52]^ In addition, easy migration of the active material from the surface and its return back is more possible in this case, which could help improve the electrochemical OER activity for clean energy production. Each nanosphere size approximately ranges from 100 to 150 nm with an edgeless outer surface having a typical spherical nature, which evidences the high surface-to-volume ratio of the material. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,e shows the surface morphologies of CoSe~2~ nanostructures at 2 μm and 500 nm, respectively. These images reveal the formation of two different morphologies of distorted nanospheres and tiny nanoparticles of CoSe~2~. Distorted nanospheres with some edges having a particle size around 100--120 nm and tiny nanoparticles of sizes approximately 30--80 nm were observed. These kinds of combined morphologies of nanostructures could also support the electrochemical reaction by promoting more active sites available at the electrode surface. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,f shows the surface morphology of binary CoNiSe~2~ nanostructures at 2 μm and 500 nm, respectively. These images show the sharp-edge undefined shape particle formation of approximate particle size ranges from 80 to 120 nm with some agglomeration. This kind of agglomeration observed during nanoparticle formation in binary metal selenide nanostructures might be due to the number of magnetic particle association during nucleation to form hexagonal CoNiSe~2~ nanostructures. Also, the sharp-edge particles having a smaller particle range could improve the participation of active sites in more numbers in the reaction, which helped promote conductivity and OER activity. Moreover, the SEM images confirmed the particle growth mechanism of unary and binary metal selenides in the controlled optimized condition of hydrothermal treatment in this work.

![SEM images of (a, d) NiSe~2~ nanostructures at 2 μm and 500 nm, (b, e) CoSe~2~ nanostructures at 2 μm and 500 nm, and (c, f) CoNiSe~2~ nanostructures at 2 μm and 500 nm.](ao0c01476_0005){#fig5}

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a--c shows the cyclic voltammogram study of the prepared electrodes in a 1 M alkaline medium in a half-electrochemical cell design at different scan rates such as 10, 30, 50, 80, and 100 mV/s to estimate the electrochemical oxidation and reduction nature. From [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a--c, the perfect redox (reduction/oxidation) behavior of the fabricated electrodes with good current density values can be visibly observed. Oxidation and reduction potentials are also estimated from the CV curves for different unary and binary metal selenides prepared in this work. Hence, binary CoNiSe~2~ nanostructured electrodes exhibited a higher density for the same fixed given potential window from 0 to 0.7 V when compared to the other prepared unary metal selenides. Moreover, the specific capacitance was calculated from the conventional formula , where *I*(*V*)d*V* is the area of the CV curve, *m* refers to the mass of the active material loaded on the Ni foam substrate, *S* refers to the scan rate value, and (*V*~2~ -- *V*~1~) refers to the potential window difference. As per the formula, the calculated specific capacitance values at 10 mV/s scan rate are 437, 508, and 581 F/g for NiSe~2~, CoSe~2~, and CoNiSe~2~, respectively. It clearly denotes that the binary CoNiSe~2~ electrode exposed a comparatively higher specific capacitance than the others, which might be due to the combined effect of multiple valence states of Co and Ni redox states as CoNiSe~2~ nanostructures. Subsequently, at a given potential, Ni (Ni^2+^/Ni^3+^) and Co (Co^2+^/Co^3+^) underwent the redox reaction simultaneously and released more electrons to the circuit, causing higher current density and CV area. From this, the fabricated CoNiSe~2~ binary electrode is expected to oxidize water for producing clean energy in an efficient way compared to unary electrodes.

![CV graphs of (a) NiSe~2~, (b) CoSe~2~, and (c) CoNiSe~2~ nanostructured electrodes in a conventional half-cell design at different scan rates of 10, 30, 50, 80, and 100 mV/s in 1 M KOH.](ao0c01476_0006){#fig6}

The water oxidation behavior of the fabricated electrodes was investigated by an LSV curve run at a 10 mV/s scan rate at a fixed potential range from −0.2 to 1.0 V vs Ag/AgCl, which could be a better optimum potential for the OER activity of semiconductor electrodes. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a--c shows the typically defined oxidation curves of the fabricated electrodes NiSe~2~, CoSe~2~, and CoNiSe~2~, respectively, as 159, 176, and 188 mA/g. It clearly shows that a comparatively higher current density can be observed for the fabricated binary metal CoNiSe~2~ nanostructures. The variation in current density is less among the fabricated unary and binary metal selenide electrodes even though the overpotential varied appreciably. In the case of OER activity, the overpotential is considered as a more important phenomenon than the current density due to its driving capability of the entire water oxidation reaction. The estimated overpotential values are 297, 278, and 234 mV, respectively, for NiSe~2~, CoSe~2~, and CoNiSe~2~ nanostructured electrodes. Hence, the comparatively lower overpotential and the higher current density obtained by the CoNiSe~2~ electrode might be due to the combined possible phenomena such as (a) multiple oxidation states of CoNiSe~2~ compared to its unary metal selenides; (b) favorable sharp-edge morphology of the CoNiSe~2~ electrode in the nanoscale range, which is responsible for the easy capture of electrolyte ions during the reaction and also more active particles benefitted at the electrode/electrolyte interface; and (c) the vacancies present in the binary metal selenide nanostructures, which are undoubtedly responsible for the sustainable and rapid OER kinetics and also the higher conductivity. These features synergistically favor the OER activity of the CoNiSe~2~ electrode to produce clean energy. At the outset, when a potential is applied to the system, the oxidation of active elements (Ni: Ni^2+^/Ni^3+^ and Co: Co^2+^/Co^3+^) takes place at the outer layer of the electrode. The oxidized state of Ni^3+^ and Co^3+^ continuously produces M(Ni/Co)--OOH species, which are the active participants of OER activity in alkaline electrolyte solution.^[@ref53]−[@ref55]^ The products NiSe~2~ and CoSe~2~ exist under the oxidative layer maintaining the electrical conductivity, which further supports the electrocatalytic activity.

![LSV curves of (a) NiSe~2~, (b) CoSe~2~, and (c) CoNiSe~2~ nanostructured electrodes in a conventional half-cell design at a 10 mV/s scan rate in 1 M KOH.](ao0c01476_0007){#fig7}

In addition, the formation of binary CoNiSe~2~ nanostructures is again confirmed by the oxidation potential afforded by the electrode. Cleary, the oxidation potential values of NiSe~2~, CoSe~2~, and CoNiSe~2~ nanostructured electrodes are 0.57, 0.48, and 0.53 V vs Ag/AgCl, respectively. It clearly evidenced that the binary selenide CoNiSe~2~ oxidized at the potential falls between the oxidation potentials of its unary. On the whole, the binary CoNiSe~2~ nanostructured electrode is a much better candidate regarding current density and overpotential evidenced by the LSV spectra.

The Nyquist plot of EIS spectra of the fabricated electrodes in 1 M KOH is given in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a. Charge transportation and reaction kinetics of the electrodes are in the fixed frequency range from 100 kHz to 100 MHz. The graph explores two regions, namely, semicircle arc and spike, which represent the charge transfer resistance offered by the electrodes and the conductivity afforded by the electrodes, respectively. As per the graph, the estimated charge transfer resistances of NiSe~2~, CoSe~2~, and CoNiSe~2~ nanostructured electrodes are 101, 80, and 48 Ω, respectively. It clearly confirms that a comparatively lower charge transfer resistance is offered by the binary CoNiSe~2~ electrode than its unary one and also has a higher conductivity, which might be due to the multiple oxidation of Co and Ni during the electrochemical reaction, which released more electrons to the circuit than its binary one. This feature could also combine sharp-edge morphology, oxygen vacancy, and multiple oxidations. It strongly supports the results obtained from CV and LSV. It can also be correlated from the Tafel plot of the fabricated electrodes in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b.

![(a) EIS spectra in the 100 kHz to 100 MHz frequency range. (b) Tafel slopes of NiSe~2~, CoSe~2~, and CoNiSe~2~ nanostructured electrodes in a conventional half-cell design in 1 M KOH.](ao0c01476_0008){#fig8}

The Tafel slope revealed the inherent rate-limiting step of the candidate. The linear part of the Tafel slope gives the Tafel slope value of the fabricated electrodes, which is drawn from the equation η = *b  *log(*j*) + *a*, where η is the overpotential, *b* is the Tafel slope, and *j* is the current density. From the investigation, the obtained Tafel slope values of NiSe~2~, CoSe~2~, and CoNiSe~2~ nanostructured electrodes were found to be 99, 90, and 82 mV/dec, respectively. It is clear that the unary electrodes possess a higher Tafel slope value, which means that they required more driving potential to establish 10 mA current and it also indicated the rate-determining process of the second electron. Moreover, the result markedly proved that the binary CoNiSe~2~ nanostructures possess 82 mV/dec, which falls under the first rate-limiting step of the electrons, which might be due to the better electronic conductivity of the binary metal selenide due to its oriented chemical coupling of Co and Ni with Se. During the reaction, the electrochemical kinetics involved in Ni- and Co-based selenides could be the reaction of OH^--^ radicals with an adsorbed O atom to produce OOH species (Ni/Co--O + OH^--^ → Ni/Co--OOH + e^--^), along with the pre-equilibrium steps of NiSe~2~ and CoSe~2~ such as Ni--OH + OH^--^ → Ni--O + e^--^ + H~2~O or Ni--OH → Ni--O + H^+^ + e^--^ and 2Co--O + H~2~O → Co--OOH + Co--OH, respectively.^[@ref56],[@ref57]^ Hence, the Tafel slope of the electrodes proves that the remarkable activity of the fabricated binary CoNiSe~2~ nanostructured electrode could also be due to its excellent electronic conductivity compared to the unary electrodes.

Electrochemical stability of the fabricated electrodes was tested by a CA study for 6 h beneath the prolonged OER activity as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a--c. From the CA graph, it can be clearly seen that the three electrodes exhibited excellent electrochemical stability over 6 h with 100% retention of its initial capacity, which might be due to the lack of degradation in its structure and robustness. During the entire reaction, the fabricated electrodes NiSe~2~, CoSe~2~, and CoNiSe~2~ exhibited 170, 186, and 207 mA/g, respectively. It explains the higher OER activity observed for the binary CoNiSe~2~ electrode. This kind of linear ramp in current density suggested the excellent mass diffusion and mechanical robustness of the electrodes. Moreover, the slight disturbance that occurred in the case of unary (NiSe~2~ and CoSe~2~) metal selenides when compared to its binary one might be due to the continuous electrochemical OER activity, which may disturb the particle nature that gradually occurs during electrochemical milling.^[@ref48]^ CoNiSe~2~ could overcome it owing to its robust nature and surface morphology. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows the comparative analysis of the overpotential value afforded by our best performing electrode with the literature.

![CA studies of (a) NiSe~2~, (b) CoSe~2~, and (c) CoNiSe~2~ nanostructured electrodes in a conventional half-cell design for 6 h.](ao0c01476_0009){#fig9}

###### Comparative Analysis of the Obtained Best Performing Electrode Overpotential with the Literature

  electrode            electrolyte   overpotential (mV)   references
  -------------------- ------------- -------------------- --------------
  CeO~2~/CoSe~2~       0.1 M KOH     288                  ([@ref51])
  CoSe~2~              1 M KOH       430                  ([@ref53])
  NiSe~2~              1 M KOH       250                  ([@ref53])
  CoNiSe~2~            1 M KOH       307                  ([@ref54])
  CoSe~2~              0.1 M KOH     320                  ([@ref55])
  CoNiSe~2~\@Ni foam   1 M KOH       234                  present work

In this work, earth-abundant metal-based unary and binary selenides such as NiSe~2~, CoSe~2~, and CoNiSe~2~ nanostructures were synthesized via the hydrothermal route. Preliminary characterizations such as XRD, Raman, PL, and FTIR were performed. Surface morphological analysis was explored from SEM images such as nanospheres, distorted nanospheres, and sharp-edge undefined nanostructures for NiSe~2~, CoSe~2~, and CoNiSe~2~ nanostructures, respectively. The electrochemical OER activity of each metal selenide was investigated in a half-cell configuration, and experiments such as CV, LSV, EIS, and CA were performed. From the results, binary metal selenide CoNiSe~2~ was found to have performed well, which proved to be an efficient material with a low overpotential for electrochemical clean energy production. Further, binary metal selenides with novel nanoarchitectures with graphene-based composite materials were found to have a great impact on their catalytic activity; besides, the higher conductivity of such composites would be expected to lower their overpotential for real-time large-scale applications in future works. Hence, the electrochemical investigations clearly showed that the binary metal selenide nanostructured electrode could be used for sustainable OER activity to produce clean energy. This kind of binary metal derivative synthesis could be of great potential for researchers working in energy conversion and clean energy production fields.

3. Conclusions {#sec3}
==============

Three different metal selenides, namely, NiSe~2~, CoSe~2~, and CoNiSe~2~ nanostructures, were synthesized using the hydrothermal method. Electrode fabrication was performed using each selenide on a Ni foam substrate to investigate the electrochemical property for clean energy production application. Higher current density and specific capacitance of 188 mA/g and 581 F/g, respectively, were achieved for the binary CoNiSe~2~ electrode at 10 mV/s with a low overpotential of 234 mV. Excellent electrochemical stability was also achieved for all of the fabricated electrodes. This work could be of great help to researchers working in the energy sector for producing clean energy in a cost-effective and greener way.

4. Experimental Section {#sec4}
=======================

Analytical-grade nickel(II) nitrate hexahydrate (Ni(NO~3~)~2~·6H~2~O), cobalt(II) nitrate hexahydrate (Co(NO~3~)~2~·6H~2~O), and selenium powder (Se) were purchased from Sigma-Aldrich and used as received. Initially, 0.05 M selenium powder was dissolved in 20 mL of hydrazine hydrate. Then, 0.1 M Ni(NO~3~)~2~·6H~2~O was dissolved in 50 mL of deionized water. Then, the selenium powder solution was poured into the mixed solution dropwise under the same stirring condition. A black precipitate was formed on completion of the reaction. The same procedure was followed for CoSe~2~ synthesis, where 0.1 M Co(NO~3~)~2~·6H~2~O was dissolved in 50 mL of deionized water and the other procedures were the same as above. To synthesize CoNiSe~2~ nanostructures, 0.1 M Ni(NO~3~)~2~·6H~2~O and Co(NO~3~)~2~·6H~2~O were dissolved in 50 mL of deionized water and then 0.1 M selenium powder was dissolved in 20 mL of hydrazine hydrate, which was poured into the above mixture, thereby obtaining a black precipitate. These three precipitated solutions underwent homogeneous stirring of about 540 rpm for 2 h continuously; then, they were transferred into a 100 mL autoclave and subjected to a furnace for 24 h at 180 °C. After cooling back down to room temperature separately five times and dried at 80 °C in a hot-air oven. The final products were named NS~1~ (NiSe~2~), NS~2~ (CoSe~2~), and NS~3~ (CoNiSe~2~), respectively. All of the characterizations and confirmation of the samples were made using the instruments discussed in our previous study.^[@ref43]^ Electrochemical OER activity of the electrodes for clean energy production was performed using the Biologic SP 150 work station. Electrode preparation was also the same as that in our previous study.^[@ref44]^ The mass loading of each metal selenide active material synthesized in this work is 3 mg on a Ni foam substrate.
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